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INTRODUCTION

Two states of a liquid droplet on a solid substrate are
possible. If the liquid spreads over the solid surface, this
is the situation of complete wetting and contact angle θ
between the liquid and the solid phase equals zero. If the
liquid droplet forms a finite contact angle, wetting is
partial (incomplete). It was shown for the first time by
Cahn et al. [1, 2] that the transition (reversible) from
partial to complete wetting can occur as the tempera�
ture increases and is the surface phase transition.

Currently, there are detailed reviews on wetting
phase transitions [3–7]. Later, the Cahn theory was
extended to multicomponent systems with critical
points (immiscibility regions). Moreover, it can be
applied by analogy to wetting phase transitions at grain
boundaries (GBs).

The transition from partial to complete wetting is
observed for GBs if the grain boundary energy (σGB)
becomes larger than the doubled interphase energy
(2σSL) solid phase–liquid (Fig. 1). The first reliable
results of studying the phase transitions of liquid�
phase GB wetting were acquired for two�phase poly�
crystals in systems Zn–Sn, Zn–Sn–Pb, and Ag–Pb
[8, 9]. Later, the Cahn theory on grain�boundary wet�

ting phenomena was applied to a wide circle of exper�
imental data [10]. Subsequently, numerous results also
acquired for polycrystalline solids confirmed the exist�
ence of GB�wetting phase transitions, particularly for
systems Zn–Sn, Al–Cd, Al–In, and Al–Pb ([11]
and references therein) and W–Ni, W–Cu, W–Fe,
Mo–Ni, Mo–Cu, and Mo–Fe ([12] and references
therein).

An exact measurement of the temperature depen�
dence of the contact angle between the GB and liquid
and a determination of the temperature of complete
wetting (Tw) were performed for individual GBs in spe�
cially obtained bicrystals of alloys Cu–In [13], Al–Sn
[14], Zn–Sn [15], Al–Zn [16], Sn–Bi [17], In–Sn
[18], Zn–Sn, and Zn–In [19]. Moreover, the second
wetting phase can be in the solid crystalline state as was
shown for alloys Zn–Al [20], Al–Zn [21], Al–Mg
[22], and Co–Cu [23], or even in the amorphous state
[24–27]. It should be noted that the wetting phase
transitions on the surfaces and GBs mainly are first�
order transitions (the first derivatives of the surface
tension with respect to temperature have discontinui�
ties). However, they can be also of a higher order. In
this case, the first derivative of the GB energy (or the
surface energy) with respect to temperature changes
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for a finite magnitude by the jump at Tw, while the sec�
ond derivative with respect to temperature have dis�
continuity. Continuous wetting phase transitions were
predicted in [28, 29] and theoretically studied in detail
subsequently [31–33] (see also review [7]).

Experimental evidences on continuous phase tran�
sitions were acquired for the first time for liquids only
in 1996 [32]. They were later studied for liquid–liquid
systems, which were intended for manufacturing oil
products containing alkanes in contact with water or
aqueous solutions of salts and glucose [33]. A contin�
uous phase transition for the GB was fixed for the first
time in the Zn–Al system [16].

The generalized Cahn phase diagram also predicts
that the tie line of GB wetting in the two�phase region
of the bulk phase diagram can be extended into a sin�
gle�phase region (the solid solution) as a prewetting
line [1]. The surface between the latter and the solidus
contains a thin (about several nanometers) layer of a
liquid�like phase which is unstable in the bulk. Exper�
imental proof of the existence of prewetting (or pre�
melting) interlayers was also found for metal systems
such as Fe–Si–Zn [34–37], Cu–Bi [38–40], Al–Zn
[41], and W–Ni [42, 43], as well as for ceramics such
as Al2O3 [44], Y2O3�doped AlN [45], La�doped SrTiO3

[46], Bi2O3�doped ZnO [47, 48], and Ca�doped Si3N4

[49]. Prewetting was also observed for interphase
boundaries [50, 51]. Wetting and prewetting (premelt�
ing) phase transitions considerably modify the prop�
erties of GBs, particularly diffusion permeability
[35–38], mobility [32], plasticity [38, 53, 54], segre�
gation [38–40], and electrical conductivity [55].

Liquid�phase wetting transitions play an important
role in processes of the liquid�phase sintering of metals
and ceramics [56, 57], in treatment methods of
metal–matrix composites in the presence of the melt

[58], in heat exchangers based on liquid metals (which
are used in nuclear technologies) [59], etc.

The most important alloys of the Nd–Fe–B sys�
tem, which are obtained by liquid�phase sintering,
have been developed actively over the last 25 years due
to their excellent magnetic properties [60]. Grains of a
ferromagnetic matrix of the Nd2Fe14B phase in mag�
nets of the Nd–Fe–B system are separated by the
intergranular Nd�enriched phase [61]. The degree of
separation of the Nd2Fe14B ferromagnetic grains by
such paramagnetic interlayers plays the decisive role in
the formation of the magnetic properties of these
alloys. Permanent NdFeB magnets are able to con�
serve a large amount of magnetic energy. Their energy
product (BdHd)max reaches 512 kJ/m3, where Bd is the
remnant induction (the magnetic induction, which
remains in the material after its extraction from the
applied external saturation magnetic field) and Hd is
the demagnetizing force.

Thus, it is very important to investigate the wetting
of the Nd2Fe14B GBs with a neodymium�enriched liq�
uid phase in detail. The goal of this study was to inves�
tigate the classic phase transition in the three�phase
region (Fe14Nd2B (ϕ phase) + Nd2Fe7B6 (η phase) +
Nd�enriched liquid phase) of the Nd–Fe–B phase
diagram based on the experimental data and to com�
pare these results with the reference data for alloys of
the Nd–Fe–B system prepared by liquid�phase sin�
tering.

EXPERIMENTAL

We studied the Fe–12.3 at % Nd–7.6 at % B alloy
with a composition close to the most important
Fe14Nd2B magnetic alloy of the Fe–Nd–B system
[62, 63]. It was fabricated by vacuum induction melt�
ing from high�purity materials (5N Fe, 4N Nd, and

(a) (b)
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θ θ = 0

σSL

σGB

Fig. 1. Schematic image of the polycrystal with grain boundaries wetted (a) partially and (b) completely by the second liquid phase
(black). σGB is the energy of the GB area unit and 2σSL is the energy of the area unit of the doubled liquid–solid interface. If
2σSL < σGB, contact angle θ = 0.
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4N B). Samples (2 mm thick) were cut from the initial
casting (10 mm in diameter) using spark erosion and
sealed at room temperature into quartz ampules with a
residual pressure of ~4 × 10–4 Pa. Then they were
annealed for 2 h at 700, 800, 900, 950, 1000, and 1100°C
with accuracy of to ±2°C and quenched into water. The
quenched samples were pressed into Technovit® resin
and subjected to mechanical treatment, namely,
grinding and polishing using diamond paste with abra�
sive particles (1 μm in size) at the last stage.

After etching, the samples were studied by optical
and electron scanning microscopy. We used a Tescan
Vega TS5130 MM scanning electron microscope

equipped with an INCA Energy 350 energy�dispersive
X�ray spectrometer (Oxford Instruments). Optical
microscopy was performed using a Neofot�32 micro�
scope equipped with a Canon Digital Rebel XT 10
Mp�camera. A quantitative analysis of the wetting
phase transition was performed based on the criteria
that the Fe14Nd2B GB was implied to be wetted com�
pletely only if the neodymium�enriched phase inter�
layer completely covered the GB (Figs. 1b, 2c); if this
interlayer was interrupted, we considered the GB as
partially wetted (Figs. 1a, 2a, 2b). At least 300 GBs
were analyzed for each annealing temperature. 

(a) 200 μm (b) 200 μm

(c) 20 μm

Fig. 2. Micrographs of the Fe–12.3 at %Nd–7.6 at %B alloy. Annealing modes: (a) T = 900°C and τ = 2 h; (b, c) 1000°C and
2 h. Dark gray segments are the grains of the Fe14Nd2B matrix (ϕ phase) and light gray segments are the Nd�enriched phase
arranged along the boundaries of the Fe14Nd2B grains. Black inclusions are the pores (the preparation defect of the samples), and
white inclusions are the Nd2Fe7B6 fine grains (η phase) between the Fe14Nd2B coarse grains.
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RESULTS AND DISCUSSION

SEM micrographs for the Fe–12.3 at % Nd–7.6 at %
B alloy after annealing at 700 and 1000°C are shown in
Fig. 2. Dark gray grains of the Fe14Nd2B matrix
(ϕ phase) and light gray grains of the Nd�enriched
phase, which is arranged at the Fe14Nd2B GBs, are
seen in them. Black regions in the photos are the
pores, which are defects of sample preparation, while
white segments are the Nd2Fe7B6 fine grains (η phase)
between the Fe14Nd2B coarse grains.

Partially and completely wetted GBs of the
Fe14Nd2B phase, as well as the elongated interlayers of
the neodymium�enriched phase, are clearly seen in
Figs. 2a and 2b. These interlayers form the chains
along the partially wetted Fe14Nd2B GBs. Most of
them are completely wetted with the neodymium�
enriched phase, which forms continuous interlayers
along the GBs separating the Fe14Nd2B grains from
each other.

The Fe–12.3 at % Nd–7.6 at % B alloy in the
annealing temperature range under study (700, 800,
900, 950, 1000, and 1100°C) consists of three phases
[62, 63]. The main volume is represented by the
Fe14Nd2B grains (ϕ phase), while the remaining part is
the intergranular neodymium�enriched phase, which
contains particles of the Nd2Fe7B6 solid phase
(η phase). These particles are clearly seen in Fig. 2c as
small white inclusions.

Figure 3 shows the dependence of the fraction of
completely wetted Fe14Nd2B GBs with the neody�
mium�enriched phase (large symbols and the line).
Only 10% Fe14Nd2B GBs are completely wetted at
700°C. An extrapolation of the curve of the fraction of
wetted boundaries in direction of 0% at low T shows
that the temperature of the onset of the wetting phase

transition is evaluated as Tws = 690 ± 10°C. About 90%
Fe14Nd2B GBs are completely wetted at T = 1100°C.
An extrapolation of the curve to the region of 100%
gives the finishing temperature of the wetting phase
transition Twf = 1100 ± 10°C. Thus, all Fe14Nd2B GBs
are completely wetted with the neodymium�enriched
liquid phase above this temperature.

Both partially and completely wetted GBs occur at
T > Tws = 690 ± 10°C. It is most probable that this dif�
ference in wetting is associated with the spread of the
values of specific enthalpy (the energy excess per the
area unit) for various Fe14Nd2B GBs. For example, it
was established before that low�energy GBs (for
example, twin GBs) can be completely wetted with the
second solid phase and contain only chains of solid
particles instead of continuous interlayers of this phase
[19]. An increase in the fraction of completely wetted
GBs with an increase in temperature can be explained
by the fact that GBs with various energies also have
various temperatures of the wetting phase transition
(Tw), for example, GBs with higher energies possesses
lower Tw [12, 13].

In addition to our results (large symbols), Fig. 3
also shows data on the investigation of GB�wetting
phase transitions based on the published micrographs
of NdFeB alloys in publications (small symbols). For
this analysis we used micrographs containing no less
than 100 grains.

The main distinction between the reference and
experimental results of this study is in the acquisition
method and purity of starting materials. Our samples
were prepared by quenching semi�liquid alloy pro�
duced from high�purity starting materials (Nd, Fe,
and B), and their final microstructure consists of
coarse grains (up to ~500 μm). To the contrary, the ref�
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Fig. 3. Temperature dependence of the fraction of the Fe14Nd2B GBs wetted with the neodymium�enriched phase (the curve and
large symbols). The starting and finishing temperatures of the wetting phase transition are Tws = 690 ± 10°C and Twf = 1150 ± 10°C.
Small symbols correspond to the results of an analysis of reference data for the samples obtained by liquid�phase sintering. 
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erence data are referred to the samples prepared by the
liquid�phase sintering of powders at temperature Tls.
Moreover, they additionally contain doping compo�
nents (table) and have a fine�grain structure (of about
several micrometers). After sintering, these alloys were
annealed from 0.5 to 3 h at one or two temperatures
below Tls in several cases (table). It follows from Fig. 3
that the fraction of completely wetted Fe14Nd2B GBs
for the results of an analysis of reference sources is in
most cases lower than for our samples.

It is well known that, in order to obtain NdFeB
alloys with high magnetic properties, it is necessary for
the Fe14Nd2B grains to be thoroughly separated from
each other by a nonferromagnetic phase. It is clearly
seen in Fig. 2c that the Nd2Fe7B6 particles form
“bridges” in some regions, thereby connecting the
Fe14Nd2B grains through the interphase liquid layer of
the neodymium�enriched phase. According to the
published data, the η phase is ferromagnetic [71], and
its presence can ruinously affect the magnetic proper�
ties. Therefore, when producing the FeNdB�based
permanent magnets, it is desirable to exclude such fer�
romagnetic overlaps in paramagnetic intergranular
layers.

On the other hand, in order to obtain magnetic
separation by nonmagnetic interlayers, the thickness
of the latter should be on the order of the width of the
Bloch walls between the magnetic domains (of about 5
nm) [72]. We can assume that the separation of the
Fe14Nd2B magnetic grains can be attained not only

with the help of wetting of the bulk phase by layers hav�
ing a macroscopic thickness (from several microme�
ters to 100 nm), but also with relatively thin layers by
means of the prewetting–premelting effect [34–51].
The occurrence of several�nanometer�thick layers was
fixed several times in the NdFeB alloys [73–75]. How�
ever, exact thermodynamic parameters for their for�
mation are still unknown, but theoretical investiga�
tions are being continued.

It was proven experimentally that the additional
annealing of the samples obtained by liquid�phase sin�
tering at temperatures somewhat lower than eutectic
temperature Te2 = 665°C [62] increases the coercive
force of the material [61, 64–70], which can be asso�
ciated with the improvement of separation of the
Fe14Nd2B magnetic grains. However, the liquid phase
is absent in the FeNdB alloys below temperature Te2,
which means that the Fe14Nd2B GBs should be wetted
with the second solid phase.

To produce constant magnets of the NdFeB sys�
tem, cooling from the liquid phase is used in addition
to liquid�phase sintering [76]. Thus obtained amor�
phous or amorphous�nanocrystalline ribbons are
pressed using a binder, after which they are thermally
treated in order to obtain the optimal structure and
magnetic properties. Severe plastic deformation also
makes it possible to obtain a mixture of the amorphous
and nanocrystalline phases in the NdFeB alloys
[77, 78]. When analyzing the microstructure, it is
established that the residual amorphous phase sepa�

Composition and annealing temperatures of alloys obtained by liquid�phase sintering selected from references to calculate
the fraction of wetted boundaries

Alloy composition

Mode of liquid�phase 
sintering Annealing modes

Reference

Tls, °C τ, h T1, °C τ1, h T2, °C τ2, h

Nd12.8Fe79.8B7.4 1080
1120

11 600 1 – – [64]

Fe80.85(NdDy)12.99B5.75Al0.24Ga0.1Zr0.07 1105 3 900 2 600 3 [61]

(Pr, Nd)14.8Fe78.7B6.5 + Al100–xCux 
(x  = 15, 35, 45)

1100 2 890 3 480 2 [65]

Fe68.43Nd28.2Dy2.0Al0.1Nb0.2Ga0.11B0.96 + 0, 
0.2, 0.3 or 0.5 wt % Cu60Zn40

1090 2 890 2 500 3 [66]

Fe78.7(Pr, Nd)14.8B6.5Fe78.7(Pr, Nd)14.8B6.5 + 
0.6 wt % Al85Cu15

1090 2 890 2 550 3 [67]

Fe71Nd22B7 + 0.4 at % MgO or ZnO 1040–1100 2 900 2 600 2 [68]

Fe66.35Nd29.5Dy2.0B1.1Al0.25Gd0.8 + 0, 0.1, 0.2 
or 0.4 wt % MgO

1120 2.5 510 3 – – [69]

Fe78Nd15Dy1.2Al0.8B6 760
810
850

10 min 1000 2 – – [70]

P = 40 MPa

Note: Subscript in compounds is presented in at %.
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rates the Fe14Nd2B grains even after prolonged anneal�
ing. It is probable that wetting of the Fe14Nd2B GBs by
it is similar to that observed for ferromagnetic nano�
structured ZnO ribbons in this case [23, 24, 27].

CONCLUSIONS

(i) The neodymium�enriched phase can com�
pletely or partially wet the Fe14Nd2B GBs in the three�
phase region (Fe14Nd2B (ϕ phase) + Nd2Fe7B6

(η phase) + the Nd�enriched liquid phase) of the
Nd⎯Fe–B phase diagram.

(ii) The fraction of completely wetted Fe14Nd2B
GBs increases from 10% (at T = 700°C) to almost
100% (at 1100°C). The residual temperatures at which
the wetting phase transition starts and finishes are
Tws = 690 ± 10°C and Twf = 1150 ± 10°C, respectively.

(iii) The neodymium�enriched phase between the
Fe14Nd2B grains and at triple junctions contains finely
dispersed inclusions of the ferromagnetic η phase
(Nd2Fe7B6). They can form ferromagnetic “bridges”
between the Fe14Nd2B grains being arranged in inter�
granular interlayers of the neodymium�enriched
phase, which ruinously affects the magnetic proper�
ties. Therefore, they should be excluded from pro�
duced FeNdB�based constant magnets.
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